A swept-back grid-fin with sharp leading edges was proposed in previous studies for reducing the drag associated to the choking of the flow in the lattice cells at transonic speeds. Viscous computational fluid dynamic simulations and experimental measurements at transonic and supersonic speeds and zero angle of attack indicated a 30% drag reduction compared to a standard grid-fin type. The current follow-on study presents additional windtunnel measurements performed at selected freestream conditions by varying the angle of attack of the ogive-cylinder body used to support the grid fins. The results provide information on the control authority of the grid fins and indicate that the swept-back with sharp leading edges type has equal or better control characteristics than the standard type. 
Nomenclature

I. Introduction
grid fin is an aerodynamic control surface consisting of an outer frame with an internal lattice of intersecting thin walls of small chord. Unlike conventional planar fins, that are aligned parallel to the direction 1 Senior Research Scientist, Temasek Laboratories, National University of Singapore, Singapore, Member AIAA. of the airflow, grid fins are mounted perpendicular to the flow allowing the oncoming air to pass through the cells of the lattice.
The main advantage of grid fins is that they have significantly smaller chord than conventional planar fins. Thus, they generate smaller hinge moments which require smaller actuators to rotate them in a high-speed flow. Their small chord also makes them less likely to stall at high angles of attack which increases their control effectiveness compared to conventional planar fins. Another advantage of grid fins is that they can be folded easily against an aerodynamic body to make them more compact and convenient to store or transport.
Both theoretical and experimental studies have been performed on grid fins. The first investigation on grid fin aerodynamics was carried out by Belotserkovskiy et al. 1 by using a theoretical method which relies mainly on empirical formulas. Burkhalter et al. used the vortex lattice approach to analyze the grid-fin flow in the subsonic regime. 2 Washington et al. 3 conducted windtunnel experiments to study the aerodynamic effects of fin curvature and angle of protrusion from the body at some subsonic and supersonic Mach numbers. Their data indicate that "fin curvature has small effect on fin normal force, hinge moment, and bending moment". Miller and Washington 4 extended the experiments to study the effects on drag of the cross-section shape of the outer-frame walls and of the thickness of the walls of the lattice cells. Their findings indicate that simple shaping of the cross section of the frame, reduction of the wall thickness, or a combination thereof can considerably reduce drag levels with minimal impact on the grid-fin lift and other aerodynamic properties. Later experimental works by Abate et al. 5 and by Fournier 6, 7 focus on the overall aerodynamic performance of an ogive-cylinder body with grid fins. The studies above rely mainly on measurements of the force and moment from individual fins and from the whole vehicle (i.e. an aerodynamic body with fins). However, no attempt was made to resolve in detail the flow inside and around the lattice cells. Recently Theerthamalai and Nagarathinam 8 developed a prediction method for the estimation of the aerodynamic characteristics of grid-fins at supersonic Mach numbers. The shock and expansion relations and the interactions between the shock and expansion waves were used to predict the pressure distribution inside each grid-fin cell.
Besides theoretical and experimental studies, computational fluid dynamics (CFD) has been used for investigating the aerodynamic characteristics of grid fins. Chen et al. 9 simulated an ogive-cylinder body with grid fins by using the NPARC code of NASA. The issue of the grid-fin size, in terms of both the walls thickness and the frontal shape of the lattice was addressed. Lin et al. 10 computed the turbulent flows past a grid fin alone and past various fin/body combinations at Mach numbers of 0.7 and 2.5. The results provide the detailed flow fields including Mach-number contours, pressure contours, and streamline patterns as well as the integrated aerodynamic coefficients. DeSpirito and Sahu 11 conducted CFD studies by using the commercial CFD code FLUENT with the objective of investigating what advantages grid fins offer over conventional planar fins. Good agreement was observed between the CFD data and the aerodynamic coefficients measured in tests of an ogive-cylinder body with grid fins conducted in the wind tunnel of the Defence Research Establishment, Valcartier (DREV), Canada. 7 The simulations successfully captured the flow structure around the fin in the separated-flow region at the higher angles of attack.
Depending on the speed of the airflow, grid fins can have a higher or lower drag compared to conventional planar fins. 5, 6 The drag and the control characteristics of a grid fin at low subsonic speeds are similar to those of a planar fin since the thin walls create very little disturbance in the flow of air passing through the lattice. However, the same behavior does not hold true in the transonic regime. Hughson et al. 12, 13 used CFD to investigate the transonic flow fields about and through the cells of a vehicle with lattice grid fins. The results illustrate that at transonic Mach numbers a normal shock forms at the back of the grid cells. The flow inside the cells chokes thus reducing the flow rate through the lattice which effectively acts as an obstacle to the flow. A normal shock then develops in front of the grid fin with attendant drag increase. At higher speed, this shock is swallowed by the lattice thus reducing the drag and improving the control characteristics.
The main objective of the research presented here is the reduction of grid-fin drag in the transonic regime. A modified configuration consisting of a swept-back grid fin with sharp leading edges (SB-sharp) has been proposed in previous studies. 14, 15 The merit of this design was evaluated by comparing it, both numerically and experimentally, to a standard grid-fin design well documented in literature. The results obtained at zero angle of attack indicate that drag reductions of about 30% can be achieved in the transonic regime. This work reports some additional windtunnel measurements performed at selected freestream Mach numbers by varying the angle of attack of the ogive-cylinder body supporting the fins. These provide a preliminary assessment of the characteristics of the swept-back grid fins with sharp leading edges as control surfaces. The data obtained are also useful for preparing a future study specifically addressing the performance of SB-sharp fins placed at deflected angles with respect to the body centerline and the properties of swept-forward grid fins with sharp leading edges which offer some additional advantages in practical applications.
II. Experimental Setup
The standard grid-fin geometry investigated by Abate et al. 5 , DeSpirito and Sahu, 11 and Hughson et al. 12, 13 , Figs. 1a) and 1b), has been selected as the baseline configuration in the current studies. 14, 15 All the dimensions in Fig. 1 are relative to the diameter D of the ogive-cylinder body. This consists of a 3D long tangent ogive nose with a 7D long cylindrical afterbody with four grid fins mounted in a cruciform orientation. The pitch axis of the grid fins is located 1.5D from the rear of the cylinder. The grid fin has a rectangular-shaped outer frame with span s, height h and chord c of size 0.75D, 0.333D and 0.118D respectively. The thickness w of the walls of the lattice is 0.007D.
Fundamental aerodynamic considerations similar to those presented by Guyot and Schülein 16 , as well as in the design of transonic and supersonic inlets, suggest that adding a swept-back angle to the fin lattice should improve its drag characteristics. The grid-fin geometry has been modified accordingly by sweeping back the frameworks of grid cells along the chord direction with the same projected structure and dimensions as shown in Fig. 1a ). Figure 1c) shows the top view of the swept-back grid fin configuration (SB) whose swept-back angle is  = 30°. The swept back angle also slightly staggers the leading edges of the lattice with respect to each other. This in conjunction with adding sharp leading edges (SB-sharp) improves the flow ingestion by the lattice at transonic and supersonic speeds, as illustrated in Fig. 2 . The angle  of the sharp leading edges is 20°, i.e. the same value used in the configuration studied by Guyot and Schülein. 16 Experiments were conducted to measure the aerodynamic characteristics of the ogive-cylinder body with the baseline and the SB-sharp grid fins. To this aim, models of the grid fins were fabricated and tested in a transonic wind tunnel. The models are made of stainless steel, Fig. 3 , and their dimensions are s =85.7mm, h =38.1mm, c =13.5mm, and w =0.8mm, Fig. 1 . The fins were installed at 1.5D from the rear of the cylindrical body of an AGARD-C model which has L/D = 10. In order to better discriminate the drag of the fins, the wings and the empennage of the AGARD-C model were removed and replaced by plugs flush-mounted with the surface of the body. The body was mounted on a sting in the center of the windtunnel test section. The minimum distance of the fin tips from the test-section walls was more than 3 times the fin span thus wall interference and blockage effects were negligible. A balance located close to the center of gravity of the ogive-cylinder body and with a resolution of 0.014N and an accuracy of 0.092% was used to measure the forces and moments acting on the body. These data were measured and recorded simultaneously to the total and static values of the pressure and temperature in the test section.
Experimental measurements were taken at freestream Mach numbers M ∞ between 0.75 and 1.7. The wind tunnel is of the blow-down type and incorporates a control system that maintains the Mach number and the pressure in the test section within 1% of the desired values. The variation of the temperature during the experiments was negligible due to the short duration of each run and to the use of a heat exchanger that minimizes the temperature drop with the depletion of the air in the reservoir. The corresponding static pressure p and the static temperature T in the test section vary as indicated in Table 1 .
Two series of experimental measurements were performed. The first series focused on drag measurements for which the freestream velocity was explored in detail with the model at zero angle of attack. These measurements, together with the corresponding numerical simulations, are presented and discussed in detail in Debiasi et al. 15 The additional measurements presented here explore the effect of the angle of attack of the model at selected freestream Mach numbers. Based on data from the first series of measurements, M ∞ = 0.90, 1.09, and 1.30 were selected as the most significant freestream conditions to investigate. At each Mach number, the angle of attack  was varied from 0° to 12° during each run. Measurements were taken both for the baseline and the SB-sharp fins by mounting all the four fins on the body or by mounting only the lateral (elevators) fins. This was done to gain some insight of the aerodynamic contribution of the lateral fins decoupled from that of the vertical (rudder) fins.
III. Results
The forces and moments exerted by the fins were obtained as the difference of those of the AGARD-C body with fins and without them at the same flow conditions. No significant differences were found between repeated measurements. Figure 4 reports the values of the drag (i.e. the axial-force) coefficient C D,fin of the baseline and of the SB-sharp fins from experimental measurements at  = 0° for freestream Mach numbers between 0.75 and 1.7. 15 The drag coefficient of one fin was obtained by using 1/4 of the base of the AGARD-C cylindrical body as the reference area and its diameter as the reference length. Figure 4 presents also the corresponding values of the drag coefficient from numerical simulations (CFD). The experiments substantially confirm the CFD results and indicate that in the Mach range explored the drag of the SB-sharp fins is reduced by more than 30% compared to the baseline fins. The numerical simulations seem to underestimate the value of the drag coefficient by about 10% compared to the experiments. This discrepancy may be caused by the presence of the sting support which is not modeled in the simulations since these were meant to be comparable to previous CFD works and to data from ballistic range measurements, all of which do not include a supporting sting. Notwithstanding this discrepancy, it should be noted that the values of C D,fin from CFD and from the experiments follow the same trend.
A. Drag measurements at zero angle of attack
B. Force and moment measurements at non-zero angles of attack
The aerodynamic effect of varying the angle of attack of the body was not simulated in this study as this would have required doubling the size of the mesh (to reflect the symmetry along the vertical plane through the body center line as opposed to exploiting the axial symmetry for  = 0°) and, correspondingly, the already significant computational time. Furthermore, insufficient CFD studies for   0° are available in literature to provide a reference for comparison of the numerical simulations. Accordingly, only experimental measurements were used to explore the effect of the angle of attack. These were performed by continuously varying  from 0° to 12° (the highest angle at which the AGARD-C model could be set in the test section of the wind tunnel) at M ∞ = 0.90, 1.09, and 1.30 which are considerd to be significant freestream conditions, see Fig. 4 . The forces and moments reported here are relative to the center of the balance which is located close to the center of the AGARD-C body and whose coordinate system has x axis in the longitudinal direction, y axis in the spanwise direction, and z axis normal to these. Few measurements, not shown here, were performed by varying  from 0° to -12° to verify that the results mirror those obtained at positive angles of attack, as expected.
The following acronyms are used in the successive figures to designate the data from the experimental measurements: AC is for the AGARD-C body alone (without fins), BL2 is for the body with only the two lateral (elevators) baseline fins, BL4 is for the body with all four baseline fins, SB2 is for the body with only the two lateral SB-sharp fins, and SB4 is for the body with all four SB-sharp fins. Figures 5 and 6 show the axial-force coefficient of the overall vehicle and of the fins alone, respectively, as a function of the angle of attack . The axial-force coefficient is fundamentally insensitive of the angle of attack. The coefficient of the overall vehicle with baseline fins has value 0.6 at all the angles of attack which is close to the results reported in other studies 3, 4, 7, 11 (some of which use slightly different baseline fins). Most important, the data confirm the drag benefit offered by the SB-sharp fins and indicate that it applies to a range of velocities and angles of attack relevant to a maneuvering vehicle.
Similarly, Figs. 7 and 8 show the normal-force coefficient of the overall vehicle and of the fins alone, respectively. The normal force increases with the angle of attack, this effects being larger for the body with fins. The body with baseline fins exhibits an almost linear increase of the normal-force coefficient with increasing values of whereas the coefficient of the body alone is lower but increases more than linearly with . These findings are consistent with the data available in literature for baseline fins. 3, 11 Interestingly, the SB-sharp fins have slightly higher normal-force coefficient than the baseline fins, indicating a somewhat better performance of the SB-sharp type for a maneuvering vehicle. This is especially evidenced by Fig. 8 which also 11 That is, the arm of their moment is more than four times larger. Consistent with the normal-force values, the pitching-moment coefficient of the SB-sharp fins is slightly higher than the baseline fins, indicating a better performance of the SB-sharp type for a maneuvering vehicle. This is evidenced by Fig. 11 which also indicates the smoother behavior of the SB-sharp type at subsonic speed.
The measured lateral-force, roll-moment, and yaw-moment are very small at all speeds, as expected when only the angle of attack of the body is varied. Accordingly, the corresponding coefficients are negligible and are not presented here.
IV. Conclusion
Flow choking usually occurs in the lattice cells of standard grid fins at transonic flight conditions, which causes a significant increase of the drag force. To reduce this problem an improved grid-fin design has been proposed which combines a 30° swept-back lattice structure with sharp leading edges of the cells walls. The merit of using this design for reducing the drag has been evaluated in previous studies by comparing it, both numerically and experimentally, to a baseline standard design well documented in literature. To this aim the flow over an ogivecylinder body with baseline and swept-back with sharp leading edges (SB-sharp) grid fins was investigated at freestream Mach number ranging from 0.75 to 1.7 with the body at zero angle of attack. The results indicate that the SB-sharp fins have a drag coefficient about 30% lower than the baseline fins. Additional experimental measurements are presented here that complement those from the previous studies and provide a preliminary assessment of the efficacy of the SB-sharp fins as aerodynamic control surfaces. To this aim, the aerodynamic characteristics of the fins have been measured experimentally in a transonic wind tunnel by varying the angle of attach of the body supporting them. The data obtained at selected freestream Mach numbers indicate that the drag benefit of the SB-sharp fins is maintained at non-zero angles of attack and that the control qualities of the SB-sharp fins are equal or better than those of the baseline fins. These results are encouraging and relevant to the use in maneuvering vehicles. While the results obtained suggest several advantages of using SB-sharp fins in place of standard grid fins, the benefit of the SB-sharp fins compared to conventional planar fins has not been addressed. At the same time, no data were obtained on the performance of the SB-sharp fins placed at deflected angles with respect to the body centerline. These will be explored in a future study that will also consider the properties of swept-forward grid fins with sharp leading edges. 
